The mechanism of competition between different interfacial cracks is investigated, specifically considering the cracks at top-coat/bond-coat and bond-coat/substrate interfaces in a thermal barrier coating system (TBCs). To assess the cracking process driven by mechanical loading, in-situ three-point bending tests were conducted on TBCs samples having different top coats (TC) and bond coats (BC). The competition between cracks at TC/BC and BC/substrate interfaces was observed for the first time, and then analyzed to elucidate the mechanism. Experimental and numerical results show that the differences in modulus ratio and thickness ratio of TC to BC are the main factors controlling the competition, which eventually leads to different fracture modes, i.e. when TC thickness is large or BC modulus is low, the coatings peel off from the TC/BC interface; while, with the decreasing TC thickness or increasing BC modulus, the delamination location changes to BC/substrate interface. A failure map based on the two ratios is numerically established, which agrees well with the experimental results. It is advised that the crack propagation path can be controlled by adjusting the combination of the two ratios to trigger both TC/BC and BC/substrate interfacial cracks in TBCs, thereby leading to more energy dissipation and better bending-resistance.
Introduction
Thermal barrier coating system (TBCs) has been widely used for enhancing the performance of advanced gas turbines in key industrial fields (e.g. energy and transport), due to their excellent thermal insulation properties and durability. A typical TBCs consists of ceramic top coat (TC), thermally grown oxide (TGO, a thin layer formed due to oxidation), bond coat (BC) and substrate (Sub) [1] [2] [3] [4] . Cracks often initiate and grow in the coatings or at the interfaces between different layers due to the stresses produced in service [5] [6] [7] . Such cracks accelerate the premature failure in adhesion of coatings, which have limited the reliabilities and durability of TBCs [8] [9] [10] [11] . Therefore, it is important to have a good understanding on their failure mechanism. Issues about cracks in TBCs during service were investigated extensively in previous studies, with consideration of different influence factors. Erdogan and Schulze [12, 13] investigated the effect of periodic surface cracks on the interfacial fracture behaviors. Chen et al. [14] found different failure modes in TBCs with bond coat deposited by different spraying methods. Fan et al. [6, 15, 16] analyzed the influence of crack length, and other physical and material parameters on the driving force of multiple surface cracking in film systems. Fang et al. [17] experimentally studied the effect of top ceramic coat thickness on spallation of TBCs. Chen et al. [18] presented an analytical model to study the influence of geometric parameters on fracture characteristic of coating system. Bumgardner et al. [19] studied the wear and indentation damage mechanism of TBCs during its operational lifecycle, in which a coupled imaging and contact model analyses was adopted to identify the location and time of delamination and its underlying causes. Sun et al. [20] investigated the initiation of interfacial cracks considering the creep of thermally grown oxide by theoretical and numerical analyses. Xu et al. [7] conducted a systematic calculation of geometric factors affecting the crack driving forces at interfaces to study the interfacial delamination of TBCs. More recently, Bumgardner et al. [21] investigated the high-temperature delamination mechanism of dense vertically cracked TBCs via a combination of in-situ digital image correlation and finite element analyses, showing the coupled formation mechanisms of vertical and horizontal cracks during thermal cycling up to 1200 ℃.
Although the thermal stress is the main reason for the failure of TBCs during service, three-point bending test is a common method to evaluate the production quality and load-bearing
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A C C E P T E D M A N U S C R I P T 4 capacity of as-sprayed TBCs before service, as well as for understanding the fracture process occurring in ceramic coatings [22] [23] [24] . Despite the wide practical use, the three-point bending based evaluation method lacks solid theoretical or numerical basis, and the results are often interpreted with specific experience. This requires a better understanding of failure mechanism of TBCs under three-point bending to guide the further design. In the crack problems of TBCs under three-point bending, the path of crack propagation directly determines the fracture modes. Fig. 1 shows the schematics of crack path selection. Due to the mechanical bending, vertical cracks often initiate first at the surface of top coat. One crack can easily penetrate across the top-coat, but then be arrested at the top-coat/bond-coat (TC/BC) interface. Afterwards, the crack propagation has two potential paths, i.e. along interface and in vertical direction. It is clear that there is a competition between the crack deflection along TC/BC interface and the continuous penetration into BC, as shown in Fig. 1a . If the crack deflects along TC/BC interface, as shown in Fig. 1b , the top coat will peel off from this interface when neighboring interfacial cracks converge. If the crack further penetrates into BC, it will propagate across BC and then be temporarily inhibited by BC/Sub interface. This leads to another competition between two interfacial cracks, as depicted in Fig. 1c . The competition will result in two distinctive fracture modes: (i) cracks propagate and eventually fracture at TC/BC interface (see Fig. 1d ); (ii) cracks propagate at BC/Sub interface and ultimately separate at this interface (see Fig. 1e ).
The competition of crack deflection/penetration at an interface (Figs. 1a and 1b) was first recognized and analyzed by Cook [25] and then others [26] [27] [28] [29] [30] . In these previous studies, linear-elastic fracture mechanics was usually employed to establish the critical condition based on strength and energy. Of particular note is the work by Parmigiania [30] for a bi-material system, in which the determination whether crack deflection or penetration occurs was examined by using a cohesive-zone model incorporating both strength and toughness parameters. Failure mechanism maps considering the ratio of substrate toughness to interface toughness, and the ratio of substrate strength to interface strength, were also given by Parmigiania [30] .
A C C E P T E D M A N U S C R I P T considering the effects of TC-to-BC thickness ratio and modulus ratio, is investigated by experimental and numerical analyses. This paper is organized as follows. In Section 2, the sample preparation of TBCs and the experimental setup of in-situ three-point bending test are described.
In Section 3, an experimental observation of competition phenomenon between TB/BC and BC/Sub interfacial cracks is presented, and two typical fracture modes are demonstrated and
A C C E P T E D M A N U S C R I P T was Praxair JP-8000 (Praxair Technology, Inc., USA). Before the spraying of bond coat, the substrates were grit blasted by 46 mesh size aluminum oxide particles. Then the substrate was sprayed either by APS or by HVOF with the same bond coat powder. The grit blasting was carried out using a high-pressure suction blasting system (STELLE, China. Model: STR-1212). The surface roughness average of blasted substrate was measured as 4.5~5.5 μm using a surface roughness tester (Mitutoyo, Japan. Model: SJ-310). The surface of bond coat was not grit blasted before the spraying of top coat, and the roughness was measured as 4~5 μm. Detailed thermal spray parameters used are listed in Table 1 .
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In-situ three-point bending test
A TBCs to obtain the average data. It is the different spaying methods (i.e. APS and HVOF) used to fabricate BC in the group I samples that mainly affect the competition between the TC/BC and BC/Sub interfacial cracks, as well as the resulting distinctive fracture modes. It is also important to understand the development process of these fracture modes. Fig. 3 show that the TBCs sample with HVOF sprayed BC is more likely to failure at BC/Sub interface, which demonstrates that the effect of the difference in interfacial bonding strength caused by spraying method is not obvious when compared with the modulus.
Experimental results
To examine and extend the understanding established from experimental observations, a numerical analysis was carried out, which was validated by the experimental data and provided more details for elucidating the completion mechanism and the critical boundary between two fracture modes, as presented in Section 4. 
Finite element analysis

Numerical model
A two dimensional, plane strain model was constructed based on the commercial FEM code ABAQUS. Fig. 6a shows a TBCs model with vertical cracks penetrating from top surface of TC to the BC/Sub interface, which was used to simulate the competition between TC/BC and BC/Sub interfacial cracks. Owing to symmetry, only a segment in the middle of the sample was considered.
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As illustrated in Fig. 6b , the FE model includes three layers, i.e. TC, BC, substrate, and two interfaces, i.e. TC/BC interface and BC/Sub interface. The length of the considered segment is 600 μm, simplified from the experimental observation (Figs. 3 and 4) . The thicknesses of the BC and substrate are 150 μm and 1.5 mm, respectively. A bending moment was applied to the ends of the substrate of the segment, which was generated by a boundary condition with linear displacement gradient from TC/BC interface to the bottom of substrate. Competition of interfacial cracks can be triggered under the bending introduced by the substrate deformation. According to the experimental results, the ratio of maximum displacement at BC/Sub interface to the length of the segment was chosen to be 7%. Stress free boundary conditions were applied on other surfaces. It should be noted that the residual stress, which can be largely released by the vertical cracks, and the thermally grown oxide, which is formed mainly during service, were not considered in the FE simulation. TC, BC and substrate were all meshed with four-node bilinear plane strain quadrilateral reduced integration elements (CPE4R). TC and BC were considered as isotropic, homogeneous and linear elastic materials. The Young's modulus and Poisson's ratio of TC was 40 GPa and 0.22 [31] , respectively. The Poisson's ratio of BC was set as 0.3. The substrate was assumed to be elastic-plastic with linear hardening, whose constitutive relationships are given by [24] ACCEPTED MANUSCRIPT 
A C C E P T E D M A N U S C R I P T
where  and  are the stress and the strain of the substrate, respectively, y  is the yield strength and was set as 850 MPa [24] , s E is the Young's modulus (130 GPa [32] ),
* s E is the hardening modulus which was taken as 10% of the Young's modulus, and the Poisson's ratio is 0.3 [24] .
Cohesive zone model (CZM) based on traction-separation law was employed to simulate the initiation and propagation of interfacial cracks. The CZM has its origins from Dugdale [33] and has been widely used in numerical simulation schemes [6, 34] . Herein, a bilinear traction-separation law was adopted, as shown in 
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When it comes to the mixed-mode fracture, the damage initiation criterion of pure tension and pure shear modes need to be coupled [35] 
where the symbol < > represents the Macaulay bracket that can be represented as ,0 = 0, 0
The power exponential criterion [36] was employed to describe the mixed mode fracture, Two-dimensional four-node cohesive elements (COH2D4) were inserted at the TC/BC and BC/Sub interfaces, as depicted in Fig. 6b . Two-dimensional forms of Eqs. (2) and (4) were used to describe the initiation and propagation of the cohesive element. The material parameters of the cohesive elements are listed in Table 2 . It is worth noting that, there are often serious convergence issues in the fracture simulation due to the softening behavior of CZM. Thus, viscous regularization options in ABAQUS were used for the cohesive elements [42] . In the numerical simulation, different thickness ratios and modulus ratios between TC and BC are obtained by changing the thickness of TC and modulus of BC, respectively, in consistence with the experimentally tested samples. A series of thickness ratios of 1, 2, 3, 4 and 5 were selected for the ACCEPTED MANUSCRIPT
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15 parameter sensitivity analysis. For each thickness ratio, different modulus ratios were also used in simulations to identify the critical values for the interfacial fracture as well as the boundaries between the two fracture modes.
Numerical results and discussion
A systematic exploration of the dependence of the fracture modes on the TC-to-BC thickness ratio and modulus ratio enables us to plot a competition-mechanism map for the interfacial cracks, as shown in Fig. 8 , wherein black points represent the simulation results of the boundary between the two failure modes. The error bars are associated with numerical considerations, and quantify the uncertainty with which the boundary of the transition can be determined, i.e. in the uncertain regime covered by error bars, two failure modes exist simultaneously. The black line in Fig. 8 is obtained by fitting the simulation points, and divides the parameter space into two regimes. As might be intuitively expected, the map shows that failure at TC/BC interface is promoted by high values of both thickness ratio and modulus ratio. Conversely, delamination from BC/Sub interface appears to be caused by low values of these two ratios. This trend of fracture characteristic is consistent with the study on double-ceramic-layer TBCs conducted by Xu et al. [7] , finding that the large thickness ratio between top layer (TC1) and second layer (TC2) leads to delamination at TC1/TC2 interface, while the small thickness ratio results in delamination at TC2/BC interface.
Furthermore, the failure mode is sensitive to thickness ratio at larger values of the modulus ratio, but an insensitivity to thickness ratio is found at smaller values of the modulus ratio. The shape of the failure mode boundary, i.e. the modulus ratio tends to be a constant when the thickness ratio having relatively large values further increases, suggests that there may be an asymptotic value of about 2.75 for very low modulus ratio (see the dotted red line in Fig. 8 ), below which failure at BC/Sub interface always occurs. By contrast, there is no indication of the existence of an asymptotic thickness ratio. The competition-mechanism map provides the feasibility to clearly distinguish the respective effect of TC-to-BC thickness ratio and modulus ratio on the fracture mode, which has not been realized in previous researches [7, 14] .
A C C E P T E D M A N U S C R I P T The experiment results are also included in Fig. 8 , with three cases considered according to three kinds of TBCs used in experiments (see details in Section 3). The Young's modulus of BC sprayed by APS and HVOF used in the calculations is 90 GPa and 125 GPa [14, 43] , respectively, and the Poisson's ratio is 0.3. The red point A refers to the TBCs with 300 μm TC and 150 μm BC, in which the BC is sprayed by APS (Fig. 3a) . In this case, the numerical result of fracture mode agrees well with the experimental result, i.e. interfacial cracks initiated and propagated at both two interfaces, but eventually the TBCs fractured at TC/BC interface. The comparison of the crack pattern is shown in the dashed box in Fig. 8 . The red point B refers to the TBCs with 300 μm TC and 150 μm BC, in which the BC is deposited by HVOF (Fig. 3b and Fig. 4b ). Although there is little difference between the two experimental results in Fig. 3b and Fig. 4b that TC/BC interfacial crack exists in Fig. 3b and not in Fig. 4b , the final delamination always occurs at BC/Sub interface.
The little difference is due to the initial defects in TBCs samples, which cannot be accurately controlled in the spraying process. Simulation result is also consistent with experiment, i.e. the coating peeled off from BC/Sub interface. Excellent agreement between the simulation and experiment is also found for the red point C, as shown in Fig. 4a , which represents the TBCs with
The finite element analysis indicates that a distinctive fracture mode can be induced in TBCs with a given parameter group of thickness ratio and modulus ratio. It is well-known that more cracks imply more energy dissipation, and also higher load required to produce the cracks. This would lead to an important consideration in delaying the delamination of TBCs, i.e. both TC/BC and BC/Sub interfacial cracks could be triggered in order to dissipate more external energies and achieve a better bending-resistance. It should be noted that, however, some parameters other than the thickness ratio and modulus ratio considered here, may also affect the competition mechanism, which requires further study in the future.
Conclusion
This paper focuses on the competition mechanism of interfacial cracks in thermal barrier coating system (TBCs). The competition mechanism is elucidated by experimental and numerical investigations, and the finding provides a guidance to optimize the design of coatings in gas turbines and other applications involving mechanical loadings. The main conclusions are summarized as follows.
(1) The effects of thickness ratio and modulus ratio between top coat and bond coat on the failure modes were observed and characterized in a series of in-situ three-point bending experiments. Two typical failure modes were identified, i.e. delamination occurs at top-coat/bond-coat interface for TBCs with low-modulus bond coat and thicker top coat, while at bond-coat/substrate interface for TBCs with high-modulus bond coat and thinner top coat.
(2) The fracture process was also recorded and a typical competition phenomenon between different interfacial cracks in TBCs was captured for the first time. The experimental observation directly shows the existence of the competition between two interfacial cracks. The differences in modulus ratio and thickness ratio between top coat and bond coat are regarded as the main factors affecting the mechanism. However, no similar asymptotic value was found for thickness ratio.
(4) It is advised that the occurrence of both TC/BC and BC/Sub interfacial cracks is preferred, as more energy dissipation and better bending-resistance can be achieved. In a design point of view, proper parameter groups of thickness ratio and modulus ratio can be chosen to ensure the occurrence of two kinds of interfacial cracks. Therefore, the finding on the competition mechanism might be valuable in the failure mode prediction and durability design of TBCs.
A C C E P T E D M A N U S C R I P T  Modulus ratio and thickness ratio of top coat to bond coat control the competition mechanism.
Figure captions
 Competition-mechanism map based on the modulus ratio and thickness ratio is established.
